femtosecond time-resolved two-photon photoemission (TR-2PPE) to directly detect Auger electrons as they scatter into energy and momentum spaces expected from Auger recombination in p-GaSb. The Auger rate is modulated by a coherent phonon mode at 2 THz, confirming phonon participation in momentum conservation. The commonly assumed Auger rate constant is found not to be a constant, but rather decreases by x10 4 as hot electrons cool down by ~90 meV.
Moreover, we show the third-order Auger process can appear as a rate-limiting first-order process in excitation density due to inter-valley scatting.
We choose GaSb as the model system because the Auger rate is high due to the small bandgap [23] , the predicted importance of the PAAR mechanism [17] , and the large difference in the effective masses (m HH /m CB ≈ 10) between the heavy-hole (HH) valence band (VB) and the conduction band (CB) [24, 25] . The latter condition aids in momentum conservation by providing a large number of momentum states available for scattering without significant change to energy conservation [26] . The favorable conditions for Auger recombination in GaSb allow us to directly detect Auger electrons in TR-2PPE from e-e-h Auger scattering events. For comparison, our previous TR-2PPE measurement on the technologically important InGaN quantum well system failed to detect Auger electrons [4] , due to the much lower Auger rate in InGaN than that in GaSb.
Experimental details can be found in Supporting Information [27] . Briefly, the samples were cut from polished GaSb wafers (MTI Corporation) with (100) orientation and p-type doping (Zn, 2.0-5.0 × 10 18 cm -3 ). The clean GaSb(100) surfaces were obtained from sputter-anneal cycles to produce (1×3) reconstructed surfaces (Fig. S1 ). The bandgap of E g = 0.71 eV at room temperature was determined from optical absorption (Fig. S2) . In TR-2PPE experiments presented below, a portion of an Yb-doped fiber laser (Clark-MXR IMPULSE) was used as the near-IR pump pulse (hν 1 = 1.19 eV, 332 ± 5 fs, 2.0-21.3 W/cm 2 ) while the remainder was used to generate the UV-probe (hν 2 = 4.51 eV, 91 ± 2 fs, 0.2 W/cm 2 ) from a homebuilt non-collinear optical parametric amplifier (NOPA). We measure the kinetic energy and parallel momentum of the photo-emitted electrons using a hemispherical electron energy analyzer (VG Scienta, R3000).
This analyzer was also used, in conjunction with a He-I UV source (hν 1 = 21.2 eV), for angleresolved photoemission spectroscopy (ARPES, Fig. S3 ), which confirmed the dispersion of the valence sub-bands and a valence band maximum (VBM) 0.08 eV below the Fermi level (E F ). ; (d) Kinetic profiles from horizontal cuts of the 2D plot at 0.79 ± 0.1 eV (CBM) and 1.36 ± 0.05 eV (Auger); (e) TR-2PPE spectra at selected pump-probe delays (Δt = 0.6 -6 ps); (f) Parallel momentum-resolved TR-2PPE for the Auger (blue) and CBM (red) electrons at Δt = 2 ps. Also shown is data for CBM at Δt = 24 ps (grey dots).
reaches a nearly steady-state value (slow increase) for Δt ≥ 5 ps. Photoemission intensity of the high energy electrons also grows over 2 ps after excitation and then rapidly decreases to a nearly steady state signal one order of magnitude lower than the peak. Given the pump pulse duration of 0.3 ps, we can eliminate the possibility of two-photon absorption as the source of high-energy electrons. The slow generation of high-energy electrons, along with the observation of proper energy and momentum conservation (below), confirms the direct detection of the Auger recombination mechanism. The decrease in Auger electron intensity for Δt > 2 ps results from the strong dependence of Auger rates on electron energy, as detailed later in Fig. 3 . Fig. 1e compares 2PPE spectra (logarithmic scale) at pump-probe delays Δt = 0.6, 2.0, 3.5, and 6.0 ps. The high-energy Auger electron feature grows initially (0.6 ps) with CBM population, peaks at 2 ps, and decays at longer times. The Auger electron feature is not a distinct peak, but rather a broad distribution extending to ~1 eV above CBM. The excess energy is expected from the energy conserved scattering of hot electrons from an e-e-h Auger mechanism.
The broad distribution is also expected as electrons with such high excess energy cool down on the femtosecond time scale via scattering with LO phonons [29] . Within the limited time resolution, we are detecting not just nascent Auger electrons, but mostly electrons that have cooled due to inelastic scattering with LO phonons.
Further evidence comes from angle-resolved measurement. Momentum conservation necessarily results in Auger electrons in states with a higher momentum than those near the band edge (Figs. 1a & 1b) . Figure 1f shows the parallel-momentum dependence of the CB and Auger photoemission signals, where k || = 0 Å -1 is the Г-point. The signal from electrons near the CBM decreases quickly with increasing k || , as expected for the highly dispersive CB in GaSb. The signal from Auger electrons, however, extends much further into k-space due to the occupation of high momentum states. Significant Auger electron intensity is seen even at k || = 0 Å -1 . This is attributed to the projection of high momentum states in the bulk Brillouin zone onto the surface Brillouin zone (SBZ) detected in photoemission experiments [30] . Heavy X-valley states, initially populated due to inter-valley scattering from the above-gap photoexcitation, may also contribute to photoemission signal due to projection onto the SBZ; however, the X-valley minimum would only contribute signal at a much lower energy (~300 meV above CBM) than those of the Auger electron measured here and is depopulated due to sub-picosecond inter-valley scattering to the lower lying L-valley [31, 32] .
Phonon-Participation. A close examination of the kinetic profiles in Fig. 1d and thus the Auger rate [34, 35] . Note that other higher frequency phonon modes may also be involved, albeit not resolved due to limited time resolution. 
where the VB hole density, [n h ], is taken to be constant within the experimental time window as there are no inter-band scattering channels and radiative recombination occurs on ns time scales.
[n e ] is the time-dependent CB electron density resulting from inter-valley scattering as described below, and k d is the first order rate constant for the decay of Auger electrons out of the energy window of detection. From equation (1), we obtain the relative k Aug by taking the ratio of the former on the latter. Here we represent the mean electron energy by the quasi-Fermi level, E* Fermi (blue, open circles, right axis). We obtain E* Fermi by de-convolving the main electron distribution near the CBM from that of the Auger electrons, as detailed in Supporting Information (Fig. S5) [27]. We find that k Aug closely tracks E* Fermi within the first 5 ps and divergence is only obvious for Δt ≥ 5 ps. Fig. 3b plots k Aug (black circles) vs. the mean energy of electrons near the CBM, <E CB >, as obtained from the TR-2PPE spectra with deconvolution to remove the small contribution of the high energy Auger electrons. As <E CB > increases by ~90 meV from ~0.15 eV to 0.24 eV, k Aug increases by ~4 orders of magnitude and the data can be well approximated by an exponential function (dashed curve) as suggested above. Note that the CB electron distribution remains non-thermal at 25 ps and this has been attributed to Auger heating [18] .
The results in Fig. 3 illustrate the extreme sensitivity of the Auger scattering process to energy/momentum conservation. While an increase in the Auger constant across two orders of magnitude with sample temperature has been reported in Si nano-wires and attributed to phonons [36] , our results on GaSb show that the increase in k Aug arises from an increase in carrier temperature. This effect is particularly important for the DAR mechanism, in which a hotter carrier distribution provides a broader phase space for Auger scattering that simultaneously satisfies energy and momentum conservation. This finding suggests that Auger recombination can be dominated by non-equilibrium hot carriers from charge injection or by the broad tails of the (electronically) thermalized carrier distributions at high carrier densities in LEDs or lasers. This finding may also explain why the transient Auger rate constants measured in time-resolved photoemission on femto-to pico-second time scales are many orders of magnitude higher than the phenomenological rate constants from luminescence quantum yield measurements [4, 37] . We point out that most experimental [3, 5, 36, 37] and theoretical/computational studies [6, 7, 14, 15, 17] have assumed k Aug as a constant.
Rate-Limiting Auger Recombination. The initial rise in electron population near the CBM and the concurrent rise in Auger electron population can be attributed to the unique band structure of GaSb. As shown in Fig. 4a , photo-excitation creates electrons in the Γ-valley, with excess energy above the inter-valley threshold (63 -100 meV) [38] , that are quickly scattered to L due to the large effective mass (m Ll = 1.3m e and m Lt = 0.10m e ), and thus high DOS, in the L-valley [38] [39] [40] , leaving <5 % of excited electrons in the Г-valley in ≤ 10 2 fs so that carrier cooling occurs predominately within the L-valley [18, 41] . In contrast, holes stay near the VBM in the Γ-valley. Scattering of electrons back to Г is slower due to the lower DOS (m Г = 0.039m e ) and state blocking [38, 39] . Since photoemission probes a limited crystal momentum space near Г, the intervalley scattering process is responsible for the observed rise in CBM intensity (Fig. 2b) . The Auger recombination process is initiated as the CB electrons accumulates near the CBM (Fig. 4b ) and peaks at 2 ps when there is sufficiently high CBM electron population combined with excess electron energy (Fig. 4c) . Auger recombination, a third-order process in carrier density, therefore depends on the first-order inter-valley back scattering of electrons from L to Γ. The Auger mechanism is rate-limited to an apparent first-order process in excitation density (see Supporting Information, Section S4), as confirmed in powerdependence ( Fig. S4) [27]. Such a rate-limiting Auger recombination process suggests a mechanism to increase the efficiency of LEDs at high injection densities (Supporting Information, section S7) through band structure engineering [42] .
Summary. The results presented above show the direct detection of Auger electrons and the confirmation of phonon participation as a momentum conservation mechanism. We reveal the critical dependence of the Auger rate constant on hot carrier energy: the Auger recombination rate constant increases by as much as 10 4 as the hot carrier energy increases by ~90 meV in the conduction band. Thus, the prevailing models of using phenomenological Auger recombination rate constants that are time-and energy-independent are of limited validity.
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